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Treatment of two kinds of ferrocenyl-substituted carboxylate ligands (3-ferrocenyl-2-crotonic acid, HOOC—CH=
(CH3)CFc (Fc=(1°-CsHs)Fe(175-CsHy)) or O-ferrocecarbonyl benzoic acid, 0-HOOCCgH,COFc with Pb(OAc),+3H,0,
Zn(0ACc),+2H,0, or Cd(OAc),+2H,0) resulted in four novel ferrocene-containing coordination polymers { [Pb(zo-17%
OOCCH=(CH3)CFc),]-MeOH} , (1), {[Zn(0-O0CCeH4COFc),(4,4"-bipy)(H20),]-2MeOH-2H,0} ,, (4,4'-bipy = 4,4'-
bipyridine) (2), {[Cd(0-OOCCsH4COFc),(bpe)(MeOH),]-2H,0}, (bpe = 1,2-his(4-pyridyl)ethene) (3), and [Pb(o-
OOCCgH4COFc)(17%-0-00CCeH4,COFc)(bpe)]s (4). Their crystal structures have been characterized by single X-ray
determinations. In polymer 1, Pb(ll) ions are bridged by tridentate FcC(CH3)=CHCOO™ anions, forming an infinite
chain [Pb(uz-7*00C=CH(CH3)CFc);]r. In polymers 2—4, there are three kinds of components, metal ions,
0-FcCOCsH4COO~ units, and organic bridging ligands. The bipyridine-based ligands connect metal ions leading to
a one-dimensional chain with 0-FcCOCgH,COO~ units acting as monodentate or chelate ligands in the side chain.
Such coordination polymers containing ferrocenyl-substituted carboxylate and bipyridine-based ligands are very
rare. The solution-state differential pulse voltammetries of polymers 1-4 were determined. The results indicate that
the half-wave potential of the ferrocenyl moieties is influenced by the Ph(ll) ions in polymer 1 and strongly influenced
by zn(I), Cd(II), or Pb(ll) ions in polymers 2—4. The thermal properties of the four polymers were also investigated.

Introduction

It is well-known that the first publication about the
synthesis of ferrocene by Kealy and Pausfifty years ago
is considered a landmark event in organometallic chemistry.
Due to the special chemical, stereochemical, and electro-
chemical properties of ferroceddhere is great interest in
ferrocene and its derivativés? In the research field of
coordination chemistry, people have exploited a large number
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of ferrocene-based ligands to produce multimetal-containing
complexes. Many ferrocenyl complexes have some unusual
properties, for example, as components in homogeneous
catalystg, and potential applications for material sciences
such as molecular sensbrand molecular magneficand
nonlinear optical materiafs’ Obviously, chemists are strongly
interested in introducing the ferrocenyl group to the other
molecular systems and hope to obtain new compounds with
desired properties.
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On the other hand, the design and syntheses of coordina-dination polymers are only ferrocenecarboxylic a&i&"and

tion polymers, constructed from multifunctional ligands and

1,1 -ferrocenedicarboxylic acif>? In our recent paper,

transition metals, have been extensively explored over thewe described a series of unprecedented coordination poly-
past decades. A great number of coordination polymers havemers containing ferrocenecarboxylate componefit3b,-

been published due to their fascinating structural diversity
and potential applications, such as nonlinear opficsa-
talysist! molecular magnetic material3glectrical conduc-
tivity,*®* molecular recognitiott and so ort>!® But the
reported coordination polymers containing ferrocenyl groups
are limited!” It can be found that the preparation of the
ferrocenyl coordination polymers usually uses two kinds of
ferrocenyl derivatives as ligands, ferrocenyl-substituted
carboxylaté’adhand pyridine-containing ferroced& 9 The
known ferrocenyl-substituted carboxylate ligands in coor-
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(OOCFc){>-O0CFC)fi2-17>-O0CFC)fi3-7>-O0OCFc)(MeOH)]
1.5MeOHH,0},, (Fc = (3°-CsHs)Fe;5-CsHas)) (PbFC),
[Pb(OOCFc)-OOCFc)(bpe)] (bpe = 1,2-bis(4-pyridyl)-
ethene){[Zn(OOCFc)(bpt)]-2.5H,0} , (bpt = N,N'-bis(3-
pyridylmethyl)thiourea), and [Zn(OOCFgOOCFc)(bbp)]
(bbp= 4,4-trimethylene-dipyridine). These results prompted
us to prepare more coordination polymers containing ferro-
cenyl-substituted carboxylate and determine their crystal
structures. Taking into account the diverse coordination mode
of the carboxylate ligands, terminal monodentate, chelating
to one metal center and bridging bidentate, we prepared
ferrocenyl-substituted carboxylate liganasHOOCGH,-
COFc and HOOE-CH=(CHj3)CFc, and tried to use them
to form coordination polymers. It should be pointed out that
the ligands used here are not olthHOOCGH,COFc and
HOOC—CH=(CH;)CFc but also bipyridine-based ligands.
Consequently, a novel kind of coordination polymégf&b-
(12> OOCCH=(CH3)CFc)]-MeOH}, (1), { [Zn(0-OOCGH,-
COFc)(4,4-bipy)(H20),]-2MeOH2H,0} , (4,4-bipy = 4,4-
bipyridine) @), {[Cd(0-OOCGH,COFc)(bpe)(MeOHj)]-
2H,0}, (3), and [Pbo-OOCGHCOFc)f?-0-O0CGH,-
COFc)(bpe)] (4) were obtained (see Scheme 1), and their
thermal and electrochemical properties were investigated.

Experimental Section

General Details. All chemicals were of reagent grade quality
obtained from commercial sources and used without further
purification. O-ferrocecarbonyl benzoic acid-HOOCGH,COFc)8

(17) (a) Guo, D.; Zhang, B. G.; Duan, C. Y.; Cao, X.; Meng, Ql.Lhem.
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Nowel Pb(Il), Zn(ll), and Cd(ll) Coordination Polymers

Table 1. Crystallographic Data fot—4

1 2 3 4
formula GoHa00sFe:Pb GH2506NFeZny s CsoH48010N2F&Cd CagH3606N2FePh
fw 777.42 511.99 1061.01 1055.68
crystal system triclinic monoclinic monoclinic triclinic
crystal size (mr#) 0.26x 0.20x 0.16 0.25x 0.20x 0.18 0.28x 0.20x 0.18 0.28x 0.25x 0.20
space group P1 C2lc C2lc P1
a(h) 10.820(2) 34.191(7) 24.716(5) 10.924(2)

b (A) 16.645(3) 11.470(2) 14.047(3) 12.205(2)
c(R) 7.7668(16) 12.100(3) 16.221(3) 16.393(3)
o (deg) 95.75(3) 90 90 90.82(3)

f (deg) 94.65(3) 104.57(3) 124.38(3) 107.16(3)
y (deg) 73.42(3) 90 90 101.97(3)
V (A3) 1331.9(5) 4592.8(16) 4647.9(16) 2036.0(7)
D¢ (mg m3) 1.939 1.481 1.516 1.722

z 2 8 4 2

w (mm1) 7.417 1.206 1.130 4.881
reflns collected/unique 4921/4921 6400/4102 5447/3239 7440/7440

R(int) = 0.0000

R(int) = 0.0867

R(int) = 0.0405

R(int) = 0.0000

data/restraints/parameters 4921/0/337 4102/0/314 3239/2/304 7440/0/540
R2 0.0401 0.0733 0.0501 0.0468

R.P 0.1020 0.1289 0.1005 0.0952

GOF onF? 1.117 1.022 1.041 1.075

Apmin andApmax (€ A3)

—1.277 and 1.565

—0.556 and 0.644

—1.111 and 0.809

—1.138 and 1.237

aR = I[|Fo| — |FJ)/ZIFol. ® Ry = [Z(|Fo| — IFc)¥Z|Fo|7Y2

and 3-ferrocenyl-2-crotonic acid (HOGECH=(CHg)CFc)® were MeOH was added dropwise to the former mixture. The resulting
prepared according to literature methods. Their sodium salts werered solution was allowed to stand at room temperature in the dark.
prepared by the reaction of them with sodium methoxide. Good quality red crystals foR were obtained after 2 weeks.
C, H, and N analyses were carried out on an MOD 1106 analyzer. Yield: 58%. Anal. Calcd for GgHsogFexN,O12Zn: N, 2.73; C, 56.25;
IR data were recorded on a Bruker Tensor 27 spectrophotometerH, 4.88. Found: N, 2.50; C, 56.62; H, 4.70. IR (chnKBr): 3421
with KBr pellets in the 4084000 cnt! region. TGA-DTA s, 3104 m, 1637 s, 1610 s, 1585 s, 1560 m, 1450 m, 1398 s, 1377
measurements were performed by heating the sample fron€20 s, 1292 m, 816 m, 751 m, 510 m, 490 m.
to 1000°C at a rate of 10C min~tin air on a Perkin Elmer DTA-7 Preparation of {[Cd(0-OOCC¢HCOFc),(bpe)(MeOH),]-
differential thermal analyzer. Differential pulse voltammetry studies 2H,0}, (3). Cd(OAc)-2H,O (13.4 mg; 0.05 mmol) and bpe (9.1
were recorded with a CHIB50 electrochemical analyzer utilizing mg, 0.05 mmol) were dissolved in 6 mL of MeObtNaOOCGH4-
the three-electrode configuration of a Pt working electrode, a Pt COFc (33.5 mg, 0.1 mmol) in 6 mL of MeOH was added dropwise
auxiliary electrode, and a commercially available saturated calomel to the former mixture. The resulting red solution was allowed to
electrode as the reference electrode with a purg&$ inlet and stand at room temperature in the dark. Good quality red crystals
outlet. The measurements were performed in DMF solution were obtained after 2 weeks. Yield: 61%. Anal. Calcd for
containing tetraethylammonium perchlorate5u;NCIO,4) (0.1 mol CsoHag010N2FeCd: N, 2.64; C, 56.55; H, 4.52. Found: N, 2.59;
dm=3) as supporting electrolyte, which has a 50 ms pulse width C, 56.32; H, 4.41. IR (crmt, KBr): 3438s, 3112 m, 1651 s, 1607
and a 20 ms sample width. The potential was scanned fron2 s, 1549 s, 1453 m, 1394 m, 1290 m, 1017 m, 830 m, 749 m, 535
to +1.0 V at a scan rate of 20 mV'5 m, 494 m.
Caution ! Although no problems were encountered in this work, Preparation of [Pb(0-OOCCgH4COFc)(172-0-O0CCgH ,COFc)-
the salt perchlorates are potentially explosi They should be  (bpe)], (4). The complex4 was prepared in a manner analogous
prepared in small quantities and handled with care. to that used to preparg, only Pb(OAc)-3H,0 instead of Cd-
Preparation of {[Pb(u2-7>-O0CCH=(CH3)CFc),]-MeOH}, (OAC),-2H,0. Crystals of4 are unstable in the air. Yield: 63.5%.
(1). NaOOCCH=(CHz)CFc (29.2 mg; 0.10 mmol) in MeOH (4  Anal. Calcd for GgH3s0sNoFePb: N, 2.65; C, 54.56; H, 4.55.
mL) was added dropwise to a methanol solution (4 mL) of Pb- Found: N, 2.35; C, 54.21; H, 4.85. IR (ct) KBr): 3437 s, 3107
(OAC)*3H,0 (19.0 mg; 0.05 mmol). The resulting pale orange m, 1654 s, 1608 s, 1549 s, 1450 m, 1383 s, 1287 m, 1105 m, 1041
solution was allowed to stand at room temperature in the dark. Goodm, 835 m, 759 m, 522 m, 495 m.
quality red crystals were obtained after 1 week. Crystals afe X-ray Crystallography. Crystal data and experimental details
stable in the air. Yield: 63%. Anal. Calcd foréi300sFePb: C, for compoundsl—4 are contained in Table 1. All measurements
44.76; H, 3.86. Found: C, 44.42; H, 3.91. IR (CKBr): 3425 were made on a Rigaku RAXIS-IV imaging plate area detector
m, 3098 m, 1618 s, 1521 s, 1403 s, 1328 m, 1250 s, 1104 m, 1026yith graphite monochromated ModKradiation ¢ = 0.710 73 A).
m, 937 m, 819 m, 671 m, 501 m. Red prismatic single crystals @f(0.26 x 0.20 x 0.16 mn¥), of 2
Preparation of {[Zn(0-OOCCeH4COFc);(4,4-bipy)(H20)]- (0.25 x 0.20 x 0.18 mnd), of 3 (0.28 x 0.20 x 0.18 mnd), and
2MeOH+2H;0}; (2). Zn(OAc) x 2H0 (11.0 mg; 0.05 mmol)  of 4 (0.28 x 0.25 x 0.20 mm) were selected and mounted on a
and 4,4-bipy (7.8 mg, 0.05 mmol) were dissolved in 5 mL of glass fiber. All data were collected at a temperature of 291(2) K
MeOH. 0-NaOOCGH4COFc (33.5 mg, 0.1 mmol) in 6 mL of  ysing thew—26 scan technique and corrected for Lorenz-polariza-
. . tion effects. A correction for secondary extinction was applied.
(18) y(g/zarja\?%. ;Aégr'éIi'f(gc‘;’h\‘;ll‘y'féof)};tse%‘i’;‘gﬁ’;gg"laé \iloK Vilchev- The four structures were solved by direct methods and expanded
(19) Liao, Q. B.: Liu, M. G.; Tong, K. F. Luo, G. F.; Shi, Z. D.: Chen, B.  using the Fourier technique. The non-hydrogen atoms were refined
L. Chem. Res. and Applin Chinese)2002 14, 255. with anisotropic thermal parameters. Hydrogen atoms were included
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Table 2. Selected Bond Distances (A) and Angles (deg) fei
1a

Pb(1)-0(1) 2.730(5)  O(1)}C(13) 1.253(8)
Pb(1)-0(2) 2.425(5)  O(2}C(13) 1.297(8)
Pb(1)-0(3) 2.429(5)  O(3}C(27) 1.282(9)
Pb(1)-0(4) 2.469(5)  O(4yC(27) 1.233(9)
Pb(1)-O(2)#1 2.602(5) C(1BC(12) 1.336(10)
Pb(1)-O(3)#2 2.720(5)  C(25)C(26) 1.335(10)
O(2)-Pb(1)-O(3)  81.88(17) O(4}Pb(1)-O(2#1  72.34(17)
O(2)-Pb(1)-0(4)  81.23(19) O(2}Pb(1)-O(3)#2  123.97(16)
O(3)-Pb(1)-0(4)  52.79(17) O(3}Pb(1)-O(3)#2  69.13(18)
0(2)-Pb(1)-O(2)#1 72.93(18) O(4}Pb(1)-O(3)#2  112.60(17)
O(3)-Pb(1)-O(2)#1 122.34(16) O(2)#iPb(1-O(3)#2 162.39(16)
2b
Zn(1)-O(1)#1 2.079(4)  Zn(HO(4) 2.150(4)
Zn(1)-0(1) 2.079(4)  Zn(1rO(4)#1 2.150(4)
Zn(1)-N(2)#2 2.142(7)  Zn(BN(L) 2.218(7)
O(1)-#1-Zn(1)-0O(1) 178.6(2) O(Zn(1)-N(1)  90.16(14)
O(@)-Zn(1)-O(4#1l  179.7(3) O(BZn(1)-O(4)  87.98(19)
N(2#2-Zn(1)-N(1)  180.00(3) O(1)#EZn(1)-O(4) 92.02(19)
3¢
Cd(1)-O(1)#1 2.269(4)  Cd(BO@)#1 2.344(4)
Cd(1)-0(1) 2.269(4)  Cd(1yO(4) 2.344(4)
Cd(1)-N(1) 2.300(5)  Cd(L¥N(2) 2.360(5)
O(1)#1-Cd(1-O(1) 175.11(18) O(4Cd(1)-N(1)  88.32(9)
O(4)-Cd(1)-O(4)#1 176.64(19) O(BHCd(1}-0O(4)  90.32(17)
N(2)—Cd(1)-N(1) 180.00(1)  O(L)#:Cd(1)-0(4) 89.82(17)
4
Pb(1)-0(4) 2.316(5) Pb(EN(1) 2.619(6)
Pb(1)-0(2) 2.559(7) Pb(BN(2) 2.669(6)
Pb(1)-0(1) 2.574(6)
N(1)-Pb(1)-N(2)  157.0(2) O(2)Pb(1)-O(1)  50.5(2)
O(1)-Pb(1-N(2)  119.9(2) O(4yPb(1-N(1)  84.2(2)
O(2)-Pb(1)-N(1)  124.1(2) O(1}Pb(1-N(1)  73.6(2)
O(4)-Pb(1)-0(2) 85.1(2) O(4¥Pb(1-N(2)  81.1(2)
O(4)-Pb(1-0(1)  78.1(2) O(2}Pb(1)-N(2)  72.1(2)

aSymmetry transformations used to generate equivalent atomsx #1,
+2,-y+1 -z+ 3 # —x + 2, -y + 1, —z + 2.PSymmetry
transformations used to generate equivalent atomsx,#1,—z + 7/; #2,

X,y + 1,z ¢ Symmetry transformations used to generate equivalent atoms:
#1,%, Y, =2+ s

but not refined. The final cycle of full-matrix least squares

Li et al.

placed avoiding light. Althouglo-ferrocecarbonyl benzoic
acid and 3-ferrocenyl-2-crotonic acid were used here, they
all contain a photoactive carbonyl group on the cyclopen-
tadienyl ring. So they may undergo photolysis in methanol
solution. If the mixture of NaOOCCH(CH3)CFc (or
0-NaOOCGH,COFc) and metal ions in methanol was put
under light, it would rapidly yield brown precipitate, whose
composition cannot be identified. So crystals suitable for
X-ray crystallography for compoundss-4 were grown by
slow evaporation of their methanol solutions in the dark.

In our synthesis process, the same method to that used to
preparel was utilized to reacb-NaOOCGH,COFc with
Pb(OAc):3H,0O in methanol solution, but a polymer only
with o-FcCOGH,COO™ units and Pb(ll) ions could not be
obtained. A reasonable explanation is due to the steric effects
of the 0-NaOOCGH4COFc ligand. Wheno-FcCOGH;-
COO units coordinate to a Pb(ll) ion, the bulky ferrocenyl
and phenyl groups hold the oxygen atoms of the carboxylate
groups to coordinate to more Pb(ll) ions simultaneously.
Only when bipyridine-based ligands (4fgipy or bpe) were
added, theo-FcCOGH,COO™ units could be introduced to
form polymers2, 3, or 4. As for NaOOCCH=(CH3)CFc,
the long—C(CHs)C=CH™ chain reduces the steric effect of
the ferrocenyl group. Thus, the carboxylate group of the
FcC(CH)=CHCOO anion acts as tridentate ligands bridg-
ing Pb(Il) ions producing a one-dimensional chain polymer
1.

Polymersl—4 are not soluble in common organic solvents,
such as MeOH, EtOH, MeCN, and THF, but just soluble in
high-polar solvents DMSO or DMF.

Crystal Structure of {[Pb(u,-7>-OOCCH=(CH3)CFc),]
MeOH}, (1). The structure determination dfreveals that
each FcC(Ch=CHCOO anion acts in a tridentate fashion
bridging the central Pb(ll) ions forming a 1-D chain. This
molecule crystallizes in the space groBf.. An ORTEP
drawing of the chain structure with an atom labeling scheme
is shown in Figure 1.

refinement was based on 4921 observed reflections and 337 variable The geometry around each Pb(ll) ion is described as a

parameters forl, 4102 observed reflections and 314 variable
parameters for2, 3239 observed reflections and 304 variable
parameters foB, and 7440 observed reflections and 540 variable
parameters ford. All calculations were performed using the
SHELX-97 crystallographic software packafjeSelected bond
lengths and bond angles are listed in Table 2.

Results and Discussion

Synthesis.It is worth emphasizing that the self-assembly
reaction of ferrocenyl-substituted carboxylate ligands with
metal ions in the dark is an effective route for preparation
of a novel coordination polymer-containing ferrocene group.

boat conformation. The four oxygen atoms (01, 02, O3, O4)
form the bottom of the boat, where the four O atoms are
almost coplanar (the mean deviation from plane is 0.2237
A) and atoms O1, O2 are from one FcC(§#HCHCOO

unit and O3 and O4 are from another FCCEEFHCHCOO

unit. The Pb atom is located within the inner portion of the
boat. O2A and O3B from two distinct FcC(GHCHCOO
units occupy the bow and stern of the boat. It can be seen
from Figure 1 that the PB102A—Pb1A—02 ring is similar

to that in the structures of the reported Pb-carboxylate
polymers??23Pb—0 bond distances are in the range of 2.425-
(5)—2.730(5) A. The bond angles around Pb1 are between

In our previous paper concerning the reaction of a lanthanides5g 4 and 162.39. The dihedral angles between planes

ion with a ferrocenecarboxylato ligaidi,we have given

detailed explanations why the reaction mixture should be

(20) Sheldrick, G. MSHELX-97 Program for the Solution and Refinement
of Crystal StructuresUniversity of Gdtingen: Gidtingen, Germany,
1997.

(21) Hou, H. W.; Li, G.; Li, L. K.; Zhu, Y.; Meng, X. R.; Fan, Y. Tnorg.
Chem 2003 42, 428.
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Pb1B-03B—Pb1-03 and Pbh1AO2A—Pb1-02 and planes

(22) Lei, X. J,; Shang, M. Y.; Patil, A.; Wolf, E. E.; Fehlner, T.IRorg.
Chem.1996 35, 3217.

(23) (a) Foreman, M. R. St. J.; Plater, M. J.; Skakle, J. MJ.SChem.
Soc., Dalton Trans2001, 1897. (b) Foreman, M. R. St. J.; Gelbrich,
T.; Hursthouse, M. B.; Plater, M. lhorg. Chem. Commur200Q 3,
234.
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Figure 1. Perspective view of [Pb(uz-7?-OOCCH=(CHz)CFc)]-MeOH}, (1) with atom labeling scheme (H atoms and solvent molecule omitted for

clarity).

Figure 2. Crystal packing view from the-axis of { [Pb(u2-7-O0CCH=(CH3)CFc)]-MeOH}, (1).

C27-04—-Pb1-03 (the mean deviation from the plane is 6 limited. It has been reported that the solid-state structure

0.0287 A) and C1301—Pb1-02 (the mean deviation from
the plane is 0.0090 A) are 62.and 82.8, respectively. The

of a Pb-carboxylate compound depends strongly on the size
of the carboxylate substituent; as the substituent becomes

intrachain distances between metallic cations are 4.044 A progressively bulkier, the structure changes from a polymeric

for Pbl...Pb1A and 4.243 A for Pb1...Pb1B.

Within the ferrocene fragments, the-C distances, Fe
Ciing distances, and €C—C angles are all similar to those
reported in the literatur&. The cyclopentadienyl rings are
planar and parallel with a dihedral angle of D& Fel or
0.2 at Fe2. Viewed along the-axis,{[Pb(u,-7>-OOCCH=
(CH3)CFc)]-MeOH},, chains pack each other by intermo-
lecular interactions (Figure 2).

In known Pb(ll) carboxylate¥, the coordination number
around the Ph(ll) center is usually?¥2329 27 and 10?8 but

(24) (a) Takusagawa, F.; Koetzle, T.Acta Crystallogr 1979 B35 2888.
(b) Allen, T. H.; Kennard, OChem. Des. Automat. Newt993 8,
146.

(25) Abel, E. W. In Comprehensee Inorganic Chemistry Pergamon
Press: Oxford, U. K., 1973; Vol. 2, p 105.

(26) Harrison, P. G.; Steel, A. T. Organomet. Chen1982 239, 105.

(27) Bryant, R. G.; Chacko, V. P.; Etter, M. Ghorg. Chem 1984 23,
3580.

(28) Shin, Y. G.; Hampden-Smith, M. J.; Kodas, T. T.; Duesler, E. N.

Polyhedron1993 12, 1453.

one, to a sheet structure, and then to a chain struétdte.
The chain structure oflL is consistent with the above
conclusion.

Interestingly, comparison of the structure bivith that
of the reported Pb(ll)-ferrocenecarboxylate polyrfigth,-
(OOCFc){>-O0CFC)2->-O0CFC)f13-7?>-O0CFC) (MeOH)
1.5MeOHH,0} , (PbFC)Mindicates some differences. First,
the coordinate modes of the carboxylate groups in polymer
1 have only one kind, tridentatg£72-OOCCH=(CHz)CFc)
ligands, but there are four kinds of carboxylate groups in
the reported polymePbFC, mono- (FcCOO) and bi-g*
FcCOQ), tri-(u-n>-FcCOO), and tetradentateug-n>
FcCOQ) ligands. Consequently, ifh there is one kind of
Pb(ll) ion, but inPbFC there are two kinds of Pb(ll) ions,
which form a---Pb1Pb1Pb2Pbh2Pb1Pkichain. Obviously,
these structural differences are mainly due to the different
carbochain distances between the carboxylate and ferrocenyl
group. The long—C(CHs)C=CH— chain in1 can benefit

Inorganic Chemistry, Vol. 42, No. 16, 2003 4999
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Figure 3. One-dimensional chain structure {dZn(0-OOCGH4COFcy(4,4-bipy)(H20),]-2MeOH-2H,0} » (2) (H atoms and solvent molecule omitted for
clarity).

its carboxylate acting in a tridentate fashion. The steric effects
of the ferrocenyl group in the compouribFC make the
carboxylate show various coordination modes.

Crystal Structure of {[Zn(0-OOCCH4COFc),(4,4-
bipy)(H20).]-2MeOH-2H,0} , (2). X-ray diffraction analy-
sis of compound® shows that it crystallizes in the space
group C2/c. The structure consists of a polymeric chain in
which adjacent [[Zn§-OOCGH,COFc)(H.0),] units are @3

linked by 4,4-bipy ligands. A view of the chain structure of
2 is depicted in Figure 3.

Each zn(ll) ion is at a six-coordinated geometry in which
four oxygen atoms come from tweFcCOGH,COO™ units,
two coordinated water molecules occupying the equatorial
plane, and two nitrogen atoms from the bridging' by
ligands occupying the axial positions. Deviation of Zn atoms
from the mean plane formed by the four equatorial atoms is
about 0.0161 A, and the maximum deviation of any equato-
rial atom from the mean plane is 0.0101 A. The-Zb bond
lengths range from 2.079(4) A to 2.150(4) A, while the axial
Zn1—N1 and Zn1N2A bond distances are 2.142(7) A and
2.218(7) A, respectively, giving rise to a slightly distorted Figure 4. Two-dimensional sheet supported by hydrogen bonding of
octahedral coordination sphere. The-Zv distances can be  {[Zn(0-OOCGHCOFck(4,4-bipy)(Hz0).]-2MeOH2H;0} n (2).
compared to those found in several Zn~hipy coordination
polymers, for example, in [Zn(tp)(44ipy)] (tp = tereph- It is noteworthy thab-FcCOGH,COQO™ units as a terminal
thalate) (Zr-N, 2.007(2)-2.154(2) A)2% [Zn(4,4-bipy)- monodentate coordinate to the central metal ion and hang at
(H20)3(ClOy)](ClO4)-(4,4-bipy): 5H20 (Zn—N, 2.104(2)- the main chain, [Zn(4,4bipy)].. The distance between the
2.117(2) A2 and [Zn(4,4-bipy)(H,0):](ClO4)2* (2,4-bipy),: two neighboring phenyl rings on the same side is 10.855 A,
H,O (Zn—N, 2.129(3)-2.196(3) A)2°c The bond angles  and the phenyl rings are parallel. The cyclopentadienyl rings
around each Zn(ll) ion vary from 87.98(2ap 180.00(3). in each ferrocenyl fragment are planar and nearly parallel
The intrachain distance between metallic cations Zn1l...Zn1A with a dihedral angle of 3%t Fel. Fe-C,q distances range
is 11.470 A, which is slightly longer than that in the reported from 2.017(10) to 2.062(8) A (average 2.039 A), intra-
polymer [Zn(4,4-bipy)(H20)3(ClO4)](ClO,)-(4,4-bipy). 5 cyclopentadienyl €C bond lengths lie in the range 1.330-
H,0 (11.299(2) AP The dihedral angle between the pyridyl (14)—1.444(19) A (average 1.405 A), and-C—C angles
rings is 83.2, which is larger than that of the polymer [Zn-  vary from 104.5(9) to 109.1(10)average 108Y), which
(4,4 -bipy)(H20)2](Cl04)2+ (2,4 -bipy)2:H20 (49.5).2% are all similar to those reported in the literatéte.
In the solid-state structure &, linear [Zn@E-OOCGH;,-

(29) (a) Tao, J.; Tong, M. L.; Chen, X. M. Chem. Soc., Dalton Trans _bi i i i -
2000 3669, (b) Tong. M L.: Cat 3. W vu. X, L. Chen. X. M.. N, COFc)(4,4-bipy)(H20),], chains are linked by intermolecu

S.W.; Mak, T. C. WAust. J. Chem1998 51, 637. (c) Tong, M. L.: lar hydrogen bonds forming a two-dimensional sheet. It can

;(5,2%4!;.;((%% J.I W, Eheg, X. Mé; NFg, S. Wnorg-ﬁhesm 199% be seen from Figure 4, the coordinated water, crystallized
y . ariucci, L.; Clano, G.; Proserpio, D. M.; sironl, A. . .

Chem. Soc., Dalton Trand997, 1801. (e) Carlucci, L Ciani, G.; water, and methanol molecqles are involved in the hydrogen

Proserpio, D. MJ. Chem. Soc., Dalton Tran$999 1799. bonds between the neighboring [6AQOCGH,COFc)(4,4-
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Figure 5. Perspective view of[Cd(0-OOCGH4COFc)(bpe)(MeOH)]-2H,0} » (3) with atom labeling scheme (H atoms and solvent molecule omitted for
clarity).

bipy)(H:0),]» chains. There are three kinds of hydrogen significantly longer than the Zn...Zn distance (through the
bonds. One is between the O unit of the coordinated water 4,4 -bipy bridge) in polyme and close to the reported Cd
from one [Znp-OOCGH4COFc)(4,4-bipy)(H.0),] group polymer, {[Cd(NOs),(bpe) 5]} .32 The dihedral angle be-
and an OH of one crystallization water molecule. The other tween the two pyridyl rings is 15%6ndicating a slight twist.

is arising from the interaction of an OH of the crystallization The bond lengths and angles within the ferrocenyl group are
water molecule with an O of one crystallization methanol unexceptional and close to those reported in the liter&ture.
molecule. The third originates from an OH of the crystal- It is noteworthy the dihedral angle between the phenyl ring
lization methanol molecule with an O from the carbonyl plane and the cyclopentadienyl ring plane to which it is

group of a neighboring [ZEOOCGH,COFc)(4,4-bipy)- linked is a relatively large value, 60.4which may be due
(H20);] unit. Thus, the hydrogen bonding chain to the steric effects.

(Ocoordinated WaIEF-H_O_HcrystaIIized WatEf--O_Hcrystallized methanel - Crystal Structure of [Pb(O'OOCC6H4COFC)(172-O-
Ocarbonyl group IS formed. OOCCgH4COFc)(bpe)} (4). X-ray diffraction analysis of

To our best knowledge, the coordination polymers with compounds4 shows that it crystallizes in the space grdtip
ferrocene units in the side chain were only found in our recent as polymerl. The structure of4 is made up of a one-
publication!™ in which two Zn coordination polymers dimensional array of [PfOOCGH,COFC){*0-O0CGH -
{[Zn(OOCFc)(bpt)l-2.5H0}» and [Zn(OOCFc)>-OOCFc)-  COFc)] units bridged by bpe ligands. The ORTEP plot

(bbp)}, and one Pb polymer [Pb(FcCO@}FcCOO)(bpe) showing the structural unit of is illustrated in Figure 6.
were described. The two Zn polymers show ladder and  ag geen in Figure 6, the central Pb(ll) ion is five-

zigzag chain structures, respectively. However, compound ., dinated with three oxygen atoms from tecCOGH.-

2 exhibits linear chain structure. These structural differences -0~ ynits and two nitrogen atoms from bridging bpe
may be mainly due to the different influences of the ligands. One of the two-FcCCOGH.COO™ units acts as a
bipyridine-base ligands; the bridging ligands in polymers yorminal monodentate ligand, and the other, as a bidentate
{[Zn(OOCFc)(bpt)]-2.5H0} s and [Zn(OOCFCH-O0CFC)-  |igand. The Pb-O distances are in the range 2.316(8)574-

(bbp)}, are flexible a bpt or bbp ligand and a rigid 4{zipy (6) A (average 2.483 A), which can be comparable to those

ligand in 2. of the compoundl. Two Pb-N distances are not equal
Crystal Structure of {[Cd(0-OOCCH.COFCL(bpe)-  (ph1—N =2.619(6) A, Pbt-N2=2.669(6) A). The average

(MeOI—_|)2]~2HZO}n (3). The crystal structure of polyme Pb—N distance is 2.644 A, which is close to that of a related
comprises [CatOOCGH.COFch(bpe)(MeOH)]n poly-  py polymer [Ph(NCS)(bpa)](bpa = 1,2-bis(4-pyridyl)-
meric chains. It crystallizes in the space gro0R/C as  gihane) (2.642 A)%2 The angles around the Pb(ll) ion are
polymer2. between 85.1(2)and 157.0(2). Obviously, the Pb(ll) ion

_ As shown in Figure 5, each Cd(ll) ion is six-coordinated i i, 4 significantly distorted trigonal biyramid geometry.
in a slightly distorted octahedral environment with four

oxygen atoms from twa-FCCOGH,COO™ units and two 507 ' e W won, v. J.; Miyazawa, M. Ogura, K. Chem. Soc.,
coordinated methanol molecules and two nitrogen atoms Chem. Commun1994 1977. (b) Huang, S. D.; Xiong, R. G.
from two bridging bpe ligands. The bridging bpe ligands Polyhedron 1997 16, 3929.

- " . . (31) (a) Dong, Y. B.; Layland, R. C.; Smith, M. D.; Pschirer, N. G.; Bunz,
occupy the axial positions, while in the equatorial ones two U. H. F.: Loye, H. C. ZInorg. Chem 1999 38, 3056. (b) Withersby,

0-FcCOGH4COQO™ units and methanol are located. The-€d g. Al.f; E’Zlare,TA. J-;ghamgnﬁ;:, l\'lvI R;.; gﬁoke,g. A-;Ii;ulbberTatey, P;
; i ; ealf, A. |.; Teat, S. J.; Schder, M. J. Chem. Soc., Dalton Trans

OFCCOCGH“COOdIStar_]CG (2.269(4) A) is slightly shorter than 200Q 3261. (c) Munno, G. D.; Armentano, D.; Poerio, T.; Julve, M.;
the Cd-Opethanol distance (2.344(4) A). The two CiN Real, J. A.J. Chem. Soc., Dalton Tran$999 1813. (d) Barandika,

i — — M. G.; Hernandez-Pino, M. L.; Urtiaga, M. K.; Cof&e R.; Lezama,
g\IStanceS (C.d—]:Nl 2.300(5) A and Cd_l_'glio 2.360(5) L.; Arriortua, M. I.; Rojo, T.J. Chem. Soc., Dalton Tran999 1469.

) have typical bond lengths (2.32.39 A)*° The bond (e) Hagrman, D.; Haushalter, R. C.; ZubietaChem. Mater 1998
angles around the central Cd(ll) ion vary from 87.56((®) 10, 361. (f) (Blake, A. J.; Champness, N. R.; Chung, S. S. M.; Li, W.

- - S.; Schider, M.Chem. Commuri997, 1005. (g) Real, J. A.; Andse
180.00(1}, which are very close to the ideal ones. The E.' MuPoz, M. C.: Julve, M.: Granier, T.: Bousseksou., A.: Varret, F.

Cd...Cd distance through the bpe bridge being 14.047 A is Sciencel995 268, 265.
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Figure 6. ORTEP plot showing the structure unit of [REQOCGHCOFc){?-0-O0OCGH,COFc)(bpe)] (4). The hydrogen atoms are omitted for clarity
(H atoms omitted for clarity).

Figure 7. One-dimensional infinite ladderlike structure of [BE)OCGH4COFc)2-0-O0CGH4COFc)(bpe)] (4) (H atoms and solvent molecule omitted
for clarity).

Interestingly, the linear chain [POOCGH4COFc) - cyclopentadienyl ring plane of the terminal monodentate
0-OOCGH4COFc)(bpe)] interacts with the neighboring [Pb-  0-FcCOGH,COO™ ligand is 83.2, which is larger than that
(0-OOCGH4COFc)(7>-0-O0CGHCOFc)(bpe)] chain form- of the bidentate;?-0-FcCOGH,COO" ligand (57.3). The
ing a one-dimensional ladderlike structure (Figure 7). It can bond lengths and angles within the ferrocenyl group are
be seen from Figure 7 that the distances between OS5I andynexceptional and close to those reported in the literafure.
PblC and O6l and PblC are 3.150 A and 3.527 A, | the solid-state structure, the ladderlike chains pack each
respectively, indicating the existence of weak interactions. gther through the van der Waals interactions. Figure 8 gives
At the same time, the pyridyl rings of neighboring [Bb(  he crystal packing structure of polymér
OOCGH4COFc¢)?-0-O0CGH4COFc)(bpe)] chains are
nearly parallel with a dihedral angle of 8,1while the

distance between the two rings is 3.334 A showing the 17h -
existence ofr—z interaction. FcCOO)(bpe)}t’" and 4 all indicate ladder structures, the

The intrachain distance between metallic cations Nteractions inside the double chain of the ladder are different.
Pb1E...Pb1D is 14.593 A, which is slightly longer than the N {[ZN(OOCFc)(bp)-2.5H,0}y, the ladder was formed by
Cd...Cd distance in polymé&but close to that of the reported  intérchain hydrogen bonds (NHup... Gearbonyi grou) @ndz—s
ferrocenecarboxylate polymer [Pb(FcCO@}EcCOO)- interactions. In [Pb(FcCOQ)¢-FcCOO)(bpe)], the strong
(bpe)}, (14.526 A)™"while the interchain distance between Pb—0 interactions of neighboring [Pb(FcCO@XFcCOO)-
the nearest Pb cations Pb1E...Pb1B is 4.619 A also consistentope)h chains mainly give contribution to the construction
with that of the polymer [Pb(FcCOQ){FcCOO)(bpej of the ladder. In polyme#, the synergistic interactions of
(4.564 A)1"" The two pyridyl rings of one bridge bpe show weak Pb...O interactions amd-s stacking interactions make
a dihedral angle of 81 which is smaller than that of the the neighboring [PltOOCGH4COFc)(?-0-OOCGH4-
polymer3. The dihedral angle of the phenyl ring plane and COFc)(bpe)] chains form a infinite ladder structure.

Although the reported ferrocenecarboxylate-containing
polymers{[Zn(OOCFc)(bpt)]-2.5H0} n, [Pb(FCCOO)f2-

5002 Inorganic Chemistry, Vol. 42, No. 16, 2003
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Figure 8. Crystal packing of [Plif-OOCGH4COFc)2-0-O0CGH4COFc)(bpe)] (4) in the solid state.

IR Spectroscopy. According to the referencé$3 the
characteristic IR bands of the ferrocenyl group at 3097 and
489 cm? are due tov(C—H) and v(Fe—Cp) vibrations, ®)
respectively, which can be found in the four compounds
(3098 and 501 cnt for 1; 3104 and 490 cmt for 2; 3112
and 494 cm! for 3; 3107 and 495 cmt for 4). For
compoundl, the strong absorption bands at 1618 and 1521
cm ! are assigned to,{COO") andv{(COQO") vibrations,
respectively, and the vibrational bands around 1328 and 1026
gm‘l can be attributed to thé(CHs) and p(QH?), respec- o om m o o vm m w om
tively.3 For compound2—4, the characteristic IR bands EfV (vs. SCE)
indicate the existence of a phenyl ring (1610, 1560, and 1460 Figure 9. Differential pulse voltammogram of polymer (a) and the
cmt for 2; 1607, 1549, and 1453 crhfor 3; 1608, 1549, corresponding ferrocenyl ligand NaOOCEKCH3)CFc (b) (~1.0 x 1073
and 1450 cm? for 4). In the middle energy range, the strong M)l in DMF containingn-BusNCIO,4 (0.1 M) at a scanning rate of 20 mV
absorption band around 1640 chtan be assigned to the S (S SCE)
v(C=0) vibration. In conclusion, these IR data are consistent
with the crystal data of the four compounds.

Thermogravimetric Analysis (TGA). The TG-DTA
measurements of polymets-4 were determined in the range
of 20—1000°C in air. TG data shows that polymégis stable
up to 81.8°C, then loses weight from 81.8 to 193°€
corresponding to losses of solvent molecule, and keeps Iosing2
weight from 193.8 to 531.4°C corresponding to the 0 .
decomposition of the organic units of FcC(gg=#CHCOO exothermic peak 399C on the DTA curve of4 can be
anions. Finally, a plateau region is observed from 531.4 to ©Pserved.

1000 °C. A brown amorphous residue of Pb® 2FeO Redox Properties of Polymers 4. The solution-state
(observed 47.48%, calculated 47.22%) remained. There isdifferential pulse voltammetries of polymér-4 and their
one very strong exothermic peak at £&lon the DTA curve individual ferrocene-substitued carboxylate ligands are shown
of 1. There are two exothermic peaks at 290 and 38%n in Figures 9 and 10. It can be seen from Figures 9 and 10
the DTA curve of polymei2; it first loses the crystallized these compounds all show single peaks with a half-wave
and coordinated solvent molecules from 34 to 2C7and potential at 0.58 V forl, 0.56 V for NaOOCCH=(CHs)-
secondly goes through complicated multiple weight loss stepsCFc, 0.66 V for2, 0.62 V for3, 0.61 V for4, and 0.55 V
in the temperature range of 22917 °C corresponding to  for 0-NaOOCGH,COFc, respectively. Obviously, these
the decomposition of 4,4ipy and the organic units of observed redox peaks correspond to the redox processes of
0-OOCGH4COFc anions. One very strong exothermic peak the ferrocenyl moieties. The half-wave potential of the
at 332°C can be observed on the DTA curve of polyr3gr  ferrocenyl moieties seems to be influenced by the Pb(ll) ions
it first loses the coordinated and crystallized solvent mol- in polymer1. The half-wave potential of polymegs-4 are
32 Nu Y Y- Hou B W Zh A in the range of 0.620.66 V, which are shifted to higher
( )C;]lgmréprgmn?;’ & R A & o 2001 7. 436 " potentials, compared with that of the free NaOOGEH
(33) Cotton, F. A;; Fallvello, L. R.; Reid, A. H.; Tocher, J. H.Organomet. (CH3)CFc (0.55 V). It is apparent that these metal ions, Zn-
Chem 1987, 319 87. (1), Cd(l), or Pb(ll), have a large influence on the half-

(34) Ribot, F.; Toledano, P.; Sanchez, I8org. Chim. Actal99], 185 ; - .
239. wave potential of the ferrocenyl moietiesdr-4's polymeric

ecules in the temperature range of310°C, second, loses
weight from 229 to 395.5C, and then shows a plateau
region from 398 to 1000C. Polymer4 is stable up to 162
°C, then loses weight from 164.5 to 23@ corresponding

to the decomposition of bpe, and goes on losing weight from
34 to 950°C which is assigned to decomposition of the
rganic units of -OOCGH4COFc anions. One strong

Inorganic Chemistry, Vol. 42, No. 16, 2003 5003
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Figure 10. Differential pulse voltammogram of polymegs(d), 3 (a), 4
(b), and the corresponding ferrocenyl ligamtlaOOCGH4COFc (c) (1.0
x 1073 M) in DMF containingn-Bus;NCIO,4 (0.1 M) at a scanning rate of
20 mV s'1 (vs SCE).

10 0% 080

systems, which is consistent with the previous results of
transition metat-ferrocenyl system&9:35

Conclusion

By reaction of ferrocenyl-substituted carboxylate and
bipyridine-based ligands with metal ions by “avoiding light”
and under mild conditions, four crystal products have been
successfully prepared. The X-ray determinations show that

5004 Inorganic Chemistry, Vol. 42, No. 16, 2003
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they are novel ferrocene-containing coordination polymers.
Our studies reveal that the utilization of bipyridine-based
ligands benefits the attachment of ferrocenyl-substituted
carboxylate units to polymer chains. The elemental analyses,
IR data, and thermal data are consistent with the X-ray
analysis results. The electrochemical studies show that Zn-
(1), Cd(l1), and Pb(Il) have some influence on the half-wave
potential of the ferrocenyl moieties.
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